Introduction
Ascorbic acid degradation can occur at a faster rate in presence of H2O2. 1, 2 Ascorbic acid is an antioxidant and is essential in fight against a variety of diseases and is indispensable for life, health, and physical and daily activity. It is a well known antioxidant that can scavenge free radicals. Ascorbic acid can directly be oxidized on electrode surface in a reaction that is irreversible and at high positive potentials, but the kinetics of the oxidation are slow with the oxidation products causing electrode fouling. 3 Application of redox species as electron mediator that modify electrodes surfaces to lower the overpotential improve selectivity and sensitivity is a promising approach. 4 Lipid films made from dimyristoyl phosphatidylcholine (DMPC) similar to a biological membrane, have been used to investigate the oxidation of ascorbic acid by ferrocene. 5 The electro-oxidation of this antioxidant has been investigated on different modified electrodes. These include, edge plane pyrolytic graphite electrodes, 6 polyaniline-polyvinylsulfonate composite coated Pt electrodes modified with PPy nanowires 7 and ferrocyanide-trapped polydimethyl aniline (PDMA) filmcoated boron-doped diamond (BDD). 8 Other techniques include redox polymer/gold nanoparticles multilayer films constructed on a glassy carbon electrodes 9 and functionalized ormosilmodified electrodes made by encapsulating potassium ferricyanide/potassium ferrocyanide within ormosil film 10 among others.
Trace determination of H2O2 is of considerable importance in clinical and environmental applications. Many electrochemical [11] [12] [13] [14] [15] [16] spectrophotometry 17, 18 have been reported for the determination of hydrogen peroxide. Electrochemical sensors are suitable since they achieve low detection limits and rapid response time. Many techniques involving enzymes have been investigated for hydrogen peroxide determination. 12, [19] [20] [21] In glucose sensing, hydrogen peroxide is a product of glucose oxidase metabolism of glucose in un-mediated systems. In blood, ascorbic acid is usually an interfering agent during glucose sensing. Analysis of both ascorbic acid and hydrogen peroxide at the same time is very important. Determination of both ascorbic acid and hydrogen peroxide requires chemical modification of the electrode surface quite differently. Recently an attempt was made to determine the two analytes together using square-wave voltammetry (SWV) on a hanging mercury drop electrode in a model wine system. 22 Both ascorbic acid and hydrogen peroxide were in this system determined in the same test sample by employing an anodic scan to oxidize ascorbic acid and a cathodic scan to determine hydrogen peroxide. However, the use of mercury is not desirable because of its toxicity. That is why methods that avoid mercury use like the assembly of films to determine more than one analyte are becoming popular. 23 This work is concerned with simultaneous determination of both ascorbic acid and hydrogen peroxide using hybrid films containing redox polymer and hemoglobin molecules. These films are assembled using layer by layer technique. We recently used the redox polymer, poly[4-vinylpyridine Os(bipyridine)2Cl]-co-ethylamine (Pos-Ea) to assemble films with the polymer exchanging electrons with glucose oxidase. 24, 25 Determination of concentration of ascorbic acid does not interferer with determination of hydrogen peroxide. 
Experimental

Reagents and methods
Ammonium hexachloroosmate(IV) and 2-bromoethylamine hydrobromide, were from Alfa Aesa. 11-Mercaptoundecanoic acid (MUA) and poly(4-vinyl)pyridine were from Aldrich. Hexafluorophosphate, sodium dithionite, ether, N,Ndimethylformamide, anion exchange beads, and hydrochloric acid were from VWR while human hemoglobin (Hb) was from Sigma. Polishing alumina and 1 mm diamond polish were purchased from Bioanalytical Systems Inc. 2,2¢-Dipyridyl (bpy) was obtained from the Baker Analyzed. Ethanol, ethylene glycol and acetonitrile and hydrogen peroxide were obtained from VWR. All other chemicals were reagent grade. The polycationic redox polymer, poly[4-vinylpyridine Os(bipyridine)2Cl]-co-ethylamine (noted as Pos-Ea) was synthesized according to a procedure described previously. 26 The structure of the redox polymer is shown in Fig. 1 .
Atomic force microscopy (AFM)
Atomic force microscopy (AFM) images were obtained with a Veeco Digital Instruments, Dimension 3100 Nanoscope IIIa using tapping mode in air. Tip was 1 -10 W cm phosphorus (n) doped Si with radius of curvature ~10 nm and spring constant was 40 N/m and nominal resonant frequency (tapping mode) was 300 kHz.
Film assembly
Layer by layer electrostatic film assembly 27 was used to prepare thin electro-active films on electrodes. Glassy carbon electrodes (0.07 cm 2 ) were first polished on 1 mm diamond polishing paste then ultrasonicated in ethanol and distilled water successively for 1 min followed by rinsing in water. These electrodes were immersed in 5 mg/ml of redox polymer (PosEa) for 20 min. This electroactive polymer was found to adsorb quite strongly on glassy carbon electrode to create a positively charged surface. The electrode was then rinsed with water and dried with nitrogen then placed in a solution containing 5 mg/ml of polystyrene sulfonate (PSS, MW 70000, Aldrich) for a further 20 min.
The electrode was rinsed with water to remove any species that was not adsorbed then placed 5 mg/ml hemoglobin in 20 mM acetate buffer pH 5.5 for 20 min. Hemoglobin at this pH has a positive charge as the buffer pH is below its iso-electric point. This procedure was repeated until the desired number of layers were obtained. The final assembly was designated as GC/Pos-Ea/PSS/Hb/PSS/Pos-Ea/PSS/Hb. Washing with water in between adsorption steps and drying with nitrogen removes weakly adsorbed material. 28 Monitoring film growth using QCM QCM measurements monitoring film growth were made using QCM200, 5 MHz in a flow cell. Both the flow cell and QCM were from Stanford Research Systems, Inc. QCM200 used a 5 MHz, 1 inch diameter AT-cut gold quartz crystal wafer with circular electrodes on both sides. Before the AT-cut gold wafer was placed on the crystal holder, it thoroughly cleaned using pirannah solution and later dried with nitrogen before locking it in the crystal holder. Mercapto-undecanoic acid (2 mg/ml) was injected into the flow cell (150 ml) containing the gold-coated resonator to functionalize the gold surface with a carboxylic end group. The solution containing undecanoic acid in ethanol was left standing in flow cell for 20 min. The cell was then flushed with ethanol and with acetate buffer pH 6.0 until the frequency was steady. Each time before recording the change in frequency (DF), the cell was flushed with ten times the amount of water. The redox polymer (Pos-Ea, 5 mg/ml) was then injected and left standing for further 20 min and then flushed with water until frequency stabilized. This was repeated with PSS solutions and Hb alternating the solutions to assemble film as for glassy carbon electrodes illustrated above. The final layer film assembly was MUA/Pos-Ea/PSS/Hb/Pos-Ea/PSS/Hb.
Voltammetry
Cyclic voltammetry (CV) was carried out with a computercontrolled electrochemical workstation (CHI 660c, USA) with ohmic drop 98% compensated. A three electrode cell was employed with a Ag/AgCl electrode as a reference electrode, glassy carbon (GC) working electrode and Pt wire as counter electrode all from Bioanalytical Systems Inc. All acetate buffers were 20 mM in concentration and contained 50 mM NaCl and was purged with pure nitrogen for 20 min to remove oxygen and blanketed with nitrogen before making measurement. Glassy carbon electrodes (0.07 cm 2 ) were polished on 1 mm diamond polishing paste then ultrasonicated in ethanol and distilled water successively for 1 min followed by rinsing in water.
Results and Discussion
Film characterization by QCM
Assembly of films was monitored by using quartz crystal microbalance (QCM) by recording the frequency change at each adsorption step for films constructed on gold-coated quartz resonators. 29, 30 Assembly of films on carbon surfaces still follows the same mechanism. 31 The mass increase M (g) for each adsorption step was estimated from the QCM frequency shifts DF (Hz) using the Saurbrey equation for the 5 MHz resonator characteristics.
Where DF is the observed frequency change in Hz and DM is the change in mass per unit area, in g/cm 2 . Cf is the sensitivity factor for the crystal (56.6 Hz mg -1 cm 2 for a 5 MHz crystal at room temperature). Figure 2 shows a linear decrease in QCM frequency with the number of adsorbed layers on a Au-coated resonator, consistent with reproducible layer formation. The average QCM frequency decrease for the Pos-Ea layer was 203 Hz, and about was 150 Hz for Hb. The 1 inch diameter crystal with the film MUA/Pos-Ea/PSS/Hb/Pos-Ea/PSS/Hb contains about 15.9 mg which corresponded to about 130 nm thickness. From previous studies with similar systems adsorption reached saturation in between 10 -20 min. 32 This time for the assembly of individual layers provided stable growth with repeatable steps as monitored by QCM at every adsorption cycle.
Voltammetry of layered fims
Multilayer films of redox polymers and Hb assembled on glassy carbon electrode showed reversible pairs of oxidationreduction peaks by cyclic voltammetry corresponding to the Os (Fig. 3b) was 78 mV at 0.9 V s -1 but was much lower at low scan rates. Peak width at half-height was greater than the theoretical 90 mV expected for reversible, one electron reaction and increased significantly with scan rate.
The CV results for both electroactive centers were consistent with non-ideal, reversible, thin layer electrochemistry. 33 
Atomic force microscopy (AFM)
The average height in AFM topographic mode for MUA-(PosEa/PSS/Hb)2/PSS/Pos-Ea was estimated to be about 100 nm. Film thickness was obtained with section analysis using an averaging box cursor. Gold coated with MUA showed quite a uniform surface looking at 1 mm square scan size sampled (Fig.  4a) . The mean roughness of the gold coated MUA was estimated to be 1.620 nm. On Pos-Ea immobilization the surface roughness increased and the highest point was about 20 nm (Fig. 4b) .
The mean roughness after the Pos-Ea immobilization was 4.531 nm. On PSS and Hb immobilization globular islands of diameter 100 -200 nm were clearly evident (Fig. 4c) . With a larger scan size we observed that the Hb globules were quite much more spaced and between 20 -30 nm in height (Fig. 4d) . The mean roughness also increased to 6.769 nm on PSS and Hb immobilization.
Catalysis of ascorbic acid by hybrid film
Although many compounds have been found to mediate catalytic oxidation of ascorbic acid and hydrogen peroxide, limited combined sensors for the two analytes have been reported. 34 In our combined sensor, we first describe individual analyte response.
In order to test the ascorbic acid electrocatalytic activity, cyclic voltammograms of the film were obtained in the presence of increasing concentration of ascorbic acid. Figure 5(a) shows cyclic voltammograms of a GC/Pos-Ea/ PSS/Hb/PSS/Pos-Ea/PSS/Hb film in 20 mM acetate buffer pH 5.5 and in buffer containing 0.0 -8 mM ascorbic acid. An increased peak was observed at the Os II /Os III oxidation potential corresponding to the catalytic oxidation of ascorbic acid. The HbFe 3+ /HbFe 2+ peak current remained unchanged.
The oxidation peak potential of ascorbic acid in this film was about 380 mV vs. Ag/AgCl. Figure 5b shows the peak currents plotted versus amount of ascorbic acid added. At about 1 mM the curve levels of showing saturation with ascorbic acid. The catalytic oxidation peak current was linearly dependent on the ascorbic acid concentration at low concentrations as shown by a linear calibration curve in the insert. Linear relationship was observed for concentration of ascorbic acid in the range of 0.0 -1 mM at scan rate of 50 mV s -1 with correlation coefficient of 0.9996 (n = 5). The detection limit is similar to others reported from the literature for indirect electrochemical methodologies. 34, 35 
Catalysis of oxygen and hydrogen peroxide
Hemoglobin has been widely used in construction of amperometric biosensors for the determination of H2O2. [36] [37] [38] In our system GC/Pos-Ea/PSS/Hb/PSS/Pos-Ea/PSS/Hb, oxygen reacts with HbFe II formed from reduction of PFe III , to form PFe II -O2 complex. Electrochemical reduction of HbFe II -O2 gives H2O2, a product that can be detected electrochemically by cyclic voltammetry as a huge increase in reduction current and a disappearance of the oxidation peak for HbFe II (Fig. 6 ). Figure 6 shows almost 20 fold increase in peak current in the presence of oxygen. The oxidation and reduction peak at Os II /Os III redox Hydrogen peroxide usually undergoes direct oxidation above 0.6 V and reduction at -0.1 vs. Ag/AgCl bare metal electrodes. 39 It also undergoes enzyme-mediated reduction at lower potentials. Many biosensors that involve hydrogen peroxide are peroxidases mediated. In our system, presence of hydrogen peroxide resulted in a huge increase in reduction current at -0.25 V vs. Ag/Ag/Cl electrode and a disappearance of the oxidation peak for HbFe III at about 0.02 V vs. Ag/AgCl reference electrode. There was a linear increase in catalytic reduction peak current with increasing H2O2 concentrations from 1.0 -10.0 mM. Figure 7 (a) shows cyclic voltamograms of GC/Pos-Ea/ PSS/Hb/PSS/Pos-Ea/PSS/Hb film with increasing concentration of H2O2. The current at Os II /Os III redox center is unchanged during this catalysis. The response to H2O2 is linear (r = 0.991). The sensitivity to change in concentration of H2O2 as the slope of the calibration curve was 1.85 mA/mM for this enzyme in this system (Fig. 7b) .
Simultaneous detection of ascorbic acid and hydrogen peroxide
Ascorbic acid and hydrogen peroxide measurements have been attempted in real time 40 but majority of electrochemical sensors developed determine one analyte at a time. GC/Pos-Ea/PSS/Hb/PSS/Pos-Ea/PSS/Hb film responded to both ascorbic acid and hydrogen peroxide in a mixture. Figure 8 shows a cyclic voltammograms of this sensor in the absence and presence of both ascorbic acid and hydrogen peroxide. In this sensor scanning in the negative direction, the hydrogen peroxide is reduced to give an increased catalytic current at about -0.28 V vs. Ag/AgCl while scanning in the positive direction results in catalytic oxidation of ascorbic acid at about 0.3 V vs. Ag/AgCl electrode. In presence of two components the reduction peak for Os II /Os III disappears while the oxidation peak for HbFe 3+ / HbFe 2+ is the one that disappears. A 0.6-mM concentration ascorbic acid in this sensor resulted in a ten fold increase in current while 4 mM H2O2 resulted to a five fold increase in catalytic current. Ascorbic acid and hydrogen peroxide causes a slight shift in the reduction potential with ascorbic acid occurring at about 0.30 V vs. AgAgCl while catalysis of hydrogen peroxide at HbFe III /HbFe II occurs at -0.28 V vs. Ag/AgCl. The peak current at the two redox centers remained unchanged when scanned in buffer and when stored at 4˚C in the dark for three weeks.
Conclusions
In this work, we have used layer by layer technique to assemble an electrochemical sensor that catalytically and simultaneously responds to both ascorbic acid and hydrogen peroxide. Characterization by QCM and AFM on layered film shows regular growth. We have clearly demonstrated that the catalytic activity at HbFe III /HbFe II and Os III /Os II redox centers do not interfere with one another. The sensitivity of this sensor compares well with other sensors reported in the literature but this one is unique because of the individual response of the two analytes. Due to the simplicity of the preparation procedures and affordability of the reagents, these layered films have potential applications in biosensing and process monitoring.
